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A small subset of retinal output cells express the photopigment melanopsin,
rendering them intrinsically light-sensitive. Recent work quantifies, for the first
time, fundamental properties of their light response.resistance of melanopsin cells and
the extraordinarily long lasting
single-photon currents this allows
absorption of individual photons to
drive enough depolarization to trigger
a train of spikes.
A potential down side to keeping
resting membrane potential close
to firing threshold is that of
spontaneous activity, and Do et al. [6]
do indeed report that melanopsin
cells fire intermittent trains of
action potentials in the dark. How
then does the brain extract signal
from this noise? An indication comes
from an analysis of the pupil light
reflex in transgenic mice lacking
functional rods and cones. Do
et al. [6] compared the sensitivity
of this in vivo response to the light
intensity required to
elicit a single-photon response in
melanopsin cells. Their calculations
estimate that the threshold
intensity for evoking a change in pupil
diameter would evoke single-photon
events in more than half of all
melanopsin cells. Therefore, provided
that the brain averages across this
population, detecting this signal
above background noise should
be straightforward. This averaging
would, of course, preclude the
melanopsin cell population from
encoding spatial contrast, but
that should not be a concern for
the sorts of non image forming
responses relying upon their
activity.
Although Do et al. [6] acknowledge
that the assumptions and estimates
on which these calculations are
based mean they should be viewed
as an approximation, these findings
are most important in providing
a quantitative framework for
understanding melanopsin signalling.
However, two issues warrant
consideration in extrapolating them
to a more general understanding of
melanopsin photoreception. The first
is that there is growing physiological
and anatomical evidence for at least
two classes of melanopsin cells.
One of these is apparently less
photosensitive, expressing much
lower levels of melanopsin protein
[12], and having more hyperpolarized
resting membrane potential and
lower input resistance [13]. By
targeting their recordings to brighter
fluorescent cells Do et al. [6] probably
record only from the higher melanopsinTimothy M. Brown
and Robert J. Lucas
Over the past decade, irrefutable
evidence has emerged for a third
photoreceptive cell type in the
mammalian retina, quite separate
from the well known rods and
cones. These new photoreceptors,
characterised by their expression
of the photopigment melanopsin,
comprise a tiny (w1%) portion of
the retinal ganglion cells whose
axons form the optic nerve conveying
signals to the brain [1,2]. Melanopsin
expressing ganglion cells are
distributed across the retinal
surface and their dendrites form a
‘photoreceptive net’ capturing
photons from across the visual
scene [3]. Their axons project
specifically to brain regions involved
in non-image forming visual processes
such as the pupil-light reflex and the
timing of circadian clocks
(photoentrainment) [4].
Melanopsin ganglion cells seem to
be specialised for detecting relatively
bright and sustained stimuli, and are
much less sensitive to light than rods
or cones [1,5]. This low sensitivity
might arise because only a very small
proportion of the photons entering
the eye reach a melanopsin molecule
and/or because the response evoked
when melanopsin is activated by a
photon is very small. Partly because
of the very small number of
melanopsin cells in each retina, the
answer to this question has proved
elusive until now.
Using transgenic mice in which
melanopsin cells are tagged by a red
fluorescent protein, Do et al. [6] applied
statistical measures to determine the
electrophysiogical response of these
rare neurons to the absorption of a
single photon. Moreover, working at
the limits of available recording
methods, they were, in some cases,
able to detect such events directly.
The single-photon currents of
melanopsin cells differ markedly from
those of the classical photoreceptors.They take several seconds to reach
their peak and many more to decay to
baseline. This makes themw20 times
slower than rods andw100 times
slower than cones [7,8]. In addition,
melanopsin responses are
exceptionally large — much bigger
than those of cones, and larger even
than rods, which are renowned for the
amplitude of their single photon
response [9,10].
The extraordinarily large light
response of melanopsin cells seems to
exclude inefficient signal transduction
as an explanation for their low
sensitivity. Do et al. [6] then turned
back to the single photon response
to explore whether poor photon
capture was responsible. Experiments
directing focal and diffuse light
flashes to melanopsin cell bodies
versus dendrites suggested that
phototransduction is approximately
uniform across the entire cell surface
[6]; by then relating the number of
incident photons required to evoke
a single-photon response to the cell’s
surface area (estimated from
capacitance measurements), the
authors infer that there are in the
order of three melanopsin molecules
per mm2 of membrane. This figure
is remarkably small, around 10,000
times lower than the pigment density
in rods and cones [11]. Thus, the poor
sensitivity of this system can be
explained by its poor efficiency at
photon capture.
Despite their relative amplitude, the
melanopsin single-photon current, at
w1pA, is still very small in absolute
terms. Yet, staggeringly, Do et al. [6]
show that such a current is sufficient
to trigger spike firing in melanopsin
ganglion cells. The amazing implication
is that melanopsin cells can signal
the absorption of a single photon to
the brain. How does such a small
current alter spike rate in melanopsin
cells? Do et al. [6] suggest that this
feat is achieved by maintaining the
cell’s resting membrane potential
around the threshold for spike
firing. Coupled with the high input
Dispatch
R257expressing subpopulation, although
this remains uncertain. In either event,
future work could usefully concentrate
on exploring physiological differences
between the two melanopsin cell types,
especially as their relative innervation
of retinorecipient targets appears to
differ [12].
Another important issue is that in
the intact retina melanopsin never
acts alone. Thus, thanks to synaptic
input from the outer retina, the actual
response of melanopsin cells to light
is determined by a composite of
intrinsic (melanopsin) and extrinsic
(rod/cone) influences [14]. Rod and
cone signals are communicated to
melanopsin cells via intermediary
bipolar cells which are either excited
(‘On’ cells) or inhibited (‘Off’ cells) in
response to light (Figure 1) [15–17].
Moreover, melanopsin cells also
receive input from retinal amacrine
cells which release fast inhibitory
neurotransmitters (GABA or glycine)
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Figure 1. The firing pattern of melanopsin
cells (M) can be regulated both by their
intrinsic light response and synaptic input
from the outer retina.
Information from classical rod/cone photore-
ceptors (P) reaches them via ON and OFF
bipolar cells that are respectively excited or
inhibited by increases in light. Melanopsin
cells (M) also receive inhibitory amacrine
cell signals (A). The experiments of Do et al.
[6] reveal the extraordinary ability of mela-
nopsin cells to signal single-photon absorp-
tion events to the brain. As this relies partly
upon maintaining resting membrane potential
close to threshold for generating action
potentials, this highlights the potential for
melanopsin’s intraretinal connectivity to
modulate the intrinsic light response as well
as routing rod/cone signals.and, potentially, neuromodulators
like dopamine [15,16,18,19]. The
experiments undertaken by Do et al. [6]
exclude all synaptic inputs by
recording light responses either
from dissociated cells or in the
presence of pharmacological
blockade. Nevertheless, these inputs
have the potential to substantially
alter the signal generated by
melanopsin phototransduction.
Thus, as discussed above, the ability
of these cells to translate thew1mV
depolarization caused by single
photon absorption into action
potentials relies partly upon
maintaining the resting (dark)
membrane potential around the
threshold for spike generation.
Synaptic inputs could strongly
influence this resting potential
and, hence, the ability of melanopsin
to signal photon detection to the
brain.
Determining to what extent these
synaptic influences modulate the
responsiveness of melanopsin ganglion
cells to their intrinsic phototransduction
remains a significant challenge for
future research. Existing data indicate
that the dominant inputs in the dark
are inhibitory amacrine cell signals
[16,18], perhaps suppressing
spontaneous firing. On the other
hand, the dominant effect in the
light is excitatory, arising from the
On bipolar cell input (although
presumably antagonised by the
Off pathway). Given the high relative
photosensitivity of these rod/cone
pathways, this excitatory input should
be active at melanopsin threshold,
facilitating the intrinsic single photon
response. A final exciting possibility
is that the activity of this circuitry is
more dynamic than this simplistic
interpretation allows, enabling it to
regulate the melanopsin cell’s intrinsic
light response by modulating its
membrane potential according to
factors such as prior light exposure
and circadian phase.
References
1. Berson, D.M., Dunn, F.A., and Takao, M. (2002).
Phototransduction by retinal ganglion cells that
set the circadian clock. Science 295,
1070–1073.
2. Hattar, S., Liao, H.W., Takao, M., Berson, D.M.,
and Yau, K.W. (2002). Melanopsin-containing
retinal ganglion cells: architecture, projections,
and intrinsic photosensitivity. Science 295,
1065–1070.
3. Provencio, I., Rollag, M.D., and Castrucci, A.M.
(2002). Photoreceptive net in the mammalian
retina. This mesh of cells may explain how
some blind mice can still tell day from night.
Nature 415, 493.4. Hattar, S., Kumar, M., Park, A., Tong, P.,
Tung, J., Yau, K.W., and Berson, D.M. (2006).
Central projections of melanopsin-expressing
retinal ganglion cells in the mouse. J. Comp.
Neurol. 497, 326–349.
5. Lucas, R.J., Douglas, R.H., and Foster, R.G.
(2001). Characterization of an ocular
photopigment capable of driving pupillary
constriction in mice. Nat. Neurosci. 4, 621–626.
6. Do, M.T., Kang, S.H., Xue, T., Zhong, H.,
Liao, H.W., Bergles, D.E., and Yau, K.W. (2009).
Photon capture and signalling by melanopsin
retinal ganglion cells. Nature 457, 281–287.
7. Raport, C.J., Lem, J., Makino, C., Chen, C.K.,
Fitch, C.L., Hobson, A., Baylor, D., Simon, M.I.,
and Hurley, J.B. (1994). Downregulation of
cGMP phosphodiesterase induced by
expression of GTPase-deficient cone
transducin in mouse rod photoreceptors.
Invest. Ophthalmol. Vis. Sci. 35, 2932–2947.
8. Nikonov, S.S., Kholodenko, R., Lem, J., and
Pugh, E.N., Jr. (2006). Physiological features of
the S- and M-cone photoreceptors of wild-type
mice from single-cell recordings. J. Gen.
Physiol. 127, 359–374.
9. Kraft, T.W. (1988). Photocurrents of cone
photoreceptors of the golden-mantled ground
squirrel. J. Physiol. 404, 199–213.
10. Chen, C.K., Burns, M.E., Spencer, M.,
Niemi, G.A., Chen, J., Hurley, J.B., Baylor, D.A.,
and Simon, M.I. (1999). Abnormal
photoresponses and light-induced apoptosis in
rods lacking rhodopsin kinase. Proc. Natl.
Acad. Sci. USA 96, 3718–3722.
11. Liebman, P.A., Parker, K.R., and Dratz, E.A.
(1987). The molecular mechanism of visual
excitation and its relation to the structure and
composition of the rod outer segment. Annu.
Rev. Physiol. 49, 765–791.
12. Baver, S.B., Pickard, G.E., Sollars, P.J., and
Pickard, G.E. (2008). Two types of melanopsin
retinal ganglion cell differentially innervate the
hypothalamic suprachiasmatic nucleus and the
olivary pretectal nucleus. Eur. J. Neurosci. 27,
1763–1770.
13. Schmidt, T.M., and Kofuji, P. (2009). Functional
and morphological differences among
intrinsically photosensitive retinal ganglion
cells. J. Neurosci. 29, 476–482.
14. Dacey, D.M., Liao, H.W., Peterson, B.B.,
Robinson, F.R., Smith, V.C., Pokorny, J.,
Yau, K.W., and Gamlin, P.D. (2005).
Melanopsin-expressing ganglion cells in
primate retina signal colour and irradiance and
project to the LGN. Nature 433, 749–754.
15. Belenky, M.A., Smeraski, C.A., Provencio, I.,
Sollars, P.J., and Pickard, G.E. (2003).
Melanopsin retinal ganglion cells receive
bipolar and amacrine cell synapses. J. Comp.
Neurol. 460, 380–393.
16. Wong, K.Y., Dunn, F.A., Graham, D.M., and
Berson, D.M. (2007). Synaptic influences on rat
ganglion-cell photoreceptors. J. Physiol. 582,
279–296.
17. Schmidt, T.M., Taniguchi, K., and Kofuji, P.
(2008). Intrinsic and extrinsic light responses in
melanopsin-expressing ganglion cells during
mouse development. J. Neurophysiol. 100,
371–384.
18. Perez-Leon, J.A., Warren, E.J., Allen, C.N.,
Robinson, D.W., and Lane Brown, R. (2006).
Synaptic inputs to retinal ganglion cells that set
the circadian clock. Eur. J. Neurosci. 24,
1117–1123.
19. Viney, T.J., Balint, K., Hillier, D., Siegert, S.,
Boldogkoi, Z., Enquist, L.W., Meister, M.,
Cepko, C.L., and Roska, B. (2007). Local retinal
circuits of melanopsin-containing ganglion cells
identified by transsynaptic viral tracing. Curr.
Biol. 17, 981–988.
Faculty of Life Sciences, University of
Manchester, Manchester M13 9PT, UK.
E-mail: timothy.brown@manchester.ac.uk,
robert.lucas@manchester.ac.uk
DOI: 10.1016/j.cub.2009.01.034
